The understanding of interactions between tsunami and structure is very important to consider tsunami countermeasures, though the interaction includes complex phenomena. For example, two-phase flow can be found when the tsunami hits a bridge structure with entrapping air beneath it. The air sometimes affects forces acting on the bridge, and the effect of entrapped air has to be taken into account to investigate the tsunami forces. This study is intended to investigate the tsunami forces acting on the bridge with using two-phase flow model. Three bridge models were tested in this study, where the slab bridge without girders beneath it, the slab with two girders, and the slab with three girders. The simulation results were compared with the results obtained from one-phase flow simulation, and also verified with experimental ones. This study revealed that, in the investigation of tsunami forces acting on the slab bridge without girder, the results of both one-phase simulation and two-phase one agree well with experimental results. In the simulation on the slab bridge with girders, the results from two-phase simulation correlate better with experimental results in comparison with the results from one-phase simulation. Furthermore, the entrapped air between girders highly affects the characteristic of uplift force.
INTRODUCTION
The recent mega tsunamis such as Tohoku in 2011 and Sumatra in 2004 had caused devastating damages on many infrastructures, buildings and important properties on coastal area. For example, many bridge superstructures did not withstand the tsunami attack, and they were washed away by the tsunami flow. Therefore, those tsunami catastrophic damages have forced the importance of structural design more durable and secure against tsunami attack.
Among many efforts to improve the structural resistance against tsunami attack, the understanding of interaction between tsunami and structure is very important to consider tsunami countermeasures, though it includes complex phenomena. For example, interactions between structure, water and air can be seen when tsunami hits a bridge with entrapping an air beneath it. The air sometimes affects forces acting on the bridge. In order to understand the phenomenon precisely, the effect of entrapped air has to be taken into account to investigate the tsunami forces on bridge structures accurately 1, 2) . The numerical model of two-phase flow is one of the suitable tools to solve the problem in which the water interacts with air during the tsunami over the structure 3) . This study is intended to investigate the tsunami forces acting on a bridge superstructure with using the numerical model of two-phase flow. The vertical force acting on the bridge is more complex than the horizontal one, because the complex water flow with entrapping the air is observed around the structure. This paper mainly discusses the vertical uplift force acting on the bridge structure. The vertical force consists of both components of uplift force acting on the underside of bridge deck and downward force on the top of bridge deck, simultaneously. The simulation results are compared with the results obtained from one-phase flow simulation, and also verified with experimental results.
MODEL SETUP (1) Hydraulic experiment
A series of hydraulic experiments were carried out to obtain data for the validation of numerical results, and also carried out to obtain a boundary condition implementation to generate the bore type tsunami in numerical wave tank. The hydraulic experiments were conducted in a two-dimensional open channel flume. The schematic of experimental setup is described in Fig.1 . A gate was equipped on the upstream of this flume to make a head difference between upstream water level and downstream one. The impounded depth, h 1 , was set as 15cm, 20cm, 25cm and 30cm on the upstream of the gate. A various heights of bore type tsunami were generated by lifting up the gate rapidly. The initial water depth on downstream side was maintained as 5cm.
Three cases of bridge models were tested in this study, where the slab bridge without girders beneath it, the slab with two girders, and the slab with three girders as shown in Fig. 1(c) . The model scale was set about 1:40. The slab bridge width is 15.75cm and slab thickness is 1.2cm. The bridge deck is suspended 2.6cm above the downstream water level. The girders height is designed as 2cm. Some pressure gauges were attached on the slab model to measure the pressures. A strain gauge system was installed to obtain forces. The water surface elevation was measured with using wave gauges at several locations as shown in Fig.1 .
(2) Numerical modeling
The one-phase flow model and two-phase one are used in numerical simulations. CADMAS-SURF model is used to simulate the one-phase flow, and the two-phase flow is simulated with using the OpenFOAM (Open source Field Operation And Manipulation) model. Above numerical models were performed to investigate the bore type tsunami exerted on the bridge which has the same configurations as the experimental setup. The simulations were carried out in two dimensional field in x and z. The anisotropic mesh was used. The grid size varied from 0.6cm to 0.3cm for both x and z axes. The mesh is denser at the vicinity of bridge.
Both numerical models solve the Navier-Stokes equation and continuity one, and also employ volume of fluid (VOF) method to solve the temporal elevation of free surface. CADMAS-SURF model applies the finite element method to solve the partial differential equations 4) , whereas the OpenFOAM employs finite volume method.
OpenFOAM is an open source software package which provides a library for wide range of continuum-mechanics problems on the multidimensional domain of an arbitrary geometry 5) . In order to simulate the two-phase incompressible flow, interFOAM solver was used. This solver module solves the Reynolds-averaged Navier-Stokes (RANS) equations for incompressible, isothermal, immiscible fluids to obtain velocities and pressures. In order to obtain a sharp water-air interface, OpenFOAM implements the interface capturing approach based on the compressive convection (anti-diffusion) scheme for the discretization of volume fraction function. . The PIMPLE (merged PISO/SIMPLE) scheme was employed to solve the transient Navier-Stokes equations. The model was run by implementing the standard turbulence model. In OpenFOAM simulations, the Courant number was set below 0.5.
In the numerical simulations, the generation of bore type tsunami requires a time history of water surface elevation and wave velocity. These values were prescribed as bore tsunami forcing boundary conditions on the face of input boundary. The quantity of inflow properties was assumed uniformly distributed on the input boundary. The time history of water surface elevation was obtained from the hydraulic experiment at W 1 in Fig.1 . The velocity was estimated from the analytical formula proposed by Fukui et al 8, 9) .
SIMULATION ON THE SLAB BRIDGE WITHOUT GIRDER
(1) Water surface elevation Fig.2 shows the comparison of water surface profiles obtained from hydraulic experiment and numerical simulation at W 2 , in case of the slab bridge without girders. Both one-phase model and two-phase model simulate the measured wave profile and maximum wave surface elevation on each impounded depth, though the maximum water surface elevations obtained from both numerical models slightly overestimate the measured ones. (2) Pressures acting on the bridge When the wave initially hits the slab bridge, an initial pressure is firstly exerted on the structure in a short duration with high magnitude. This pressure is followed by the sustain pressure whose characteristics depend on the degree of wave inundation over the bridge structure.
As an example case, the normalized sustain wave pressures with h 1 =25cm are presented in Fig.3 
(3) Uplift force acting on the bridge
The profiles of uplift force acting on the slab without girders are presented in Fig.4 , where the impounded depth is h 1 =20cm. The numerical forces were obtained by integrating the pressures at each numerical point arranged on the structure surface. During the submergence of the flow over the bridge, the slab bridge experiences hydrodynamic uplift force due to the upward impact and hydrostatic uplift force due to the buoyancy. Both one-phase model and two-phase model ones correlate well with measured ones. Initial impact forces can be observed in experiment and numerical simulations. The initial force sharply increases in a short duration. Then the flow consistently inundates onto the bridge and overtops the deck. It leads to generate the downward load whose magnitude is higher than the uplift force. This causes the negative values of sustain forces as shown in Fig. 4.  Fig.5 shows the comparison of maximum initial force and maximum sustain force obtained from numerical models and experiments. In this figure, maximum initial force means upward force, and maximum sustain force also means downward force which is described in negative value. As shown in Fig.5(a) , good agreement in initial force can be seen between numerical models and experiments, and two-phase flow model shows slightly better agreement than one-phase model. The initial force obtained from one-phase flow model is slightly higher than the force from two-phase flow. The reason of this difference is considered due to the cushioning effect of the air which is captured between wave front and the bridge structure.
As shown in Fig.5(b) , the good agreement in sustain force can be also seen between numerical models and experiments, and two-phase flow model agrees better than one-phase model. 
SIMULATION ON THE SLAB BRIDGE WITH GIRDERS (1) Water surface elevation
The time history of water surface elevations at W 2 is shown in Fig.6 , where the girders are set under the slab. The existence of girders underneath the bridge increases the inundation depth over the bridge for all impounded depths. The one-phase flow model and two-phase flow one show good agreements with experiments on the profile of water surface elevation. Judging from the comparison of snapshots between the experiment and numerical models, the two-phase model simulates the behavior of water-air interface more realistic than the results obtained from one-phase model. Both in hydraulic experiments and two-phase flow results, the air fills the space between girders, and this trapped air exists during the tsunami flow over the bridge. On the other hand, no air entrapment can be seen in one-phase simulation, though the water surface profiles seem agree well with the snapshot of experiment and two-phase flow.
In case of deck with two girders, the air area was formed on the front side of the space between girders. On the other hands, in case of deck with three girders, there are two spaces between each girder. In this condition, the air was trapped in both spaces, and the each air area exists during the tsunami over the bridge. This means that the three girders increase area of air facing the bottom of the bridge as well as the volume of air under the bridge.
(3) Effect of entrapped air on uplift force Fig.8 and Fig.9 present the profiles of uplift force acting on bridge on h 1 =25cm with two and three girders, respectively. The uplift force consists of the initial impact force with short duration and the downward sustain force. The uplift forces obtained from two-phase model show better agreement with experimental ones in two girders and three girders.
As shown in Fig.7 , the girders trap the air between them, and the effects of air on the uplift forces are included in the results in experiments and two phase flow model in Fig.8 and Fig.9 .
The magnitude of initial forces obtained from two-phase flow model and hydraulic experiments are lower than the results obtained from one-phase flow model. The reason of this difference is considered as the cushioning effect by the entrapped air. The entrapped air hinders the water hitting the deck directly, and this phenomenon reduces the initial impact force acting on the underside of the deck.
The entrapped air enhances sustain uplift force due to the increase of buoyancy force. The estimated maximum sustain force resulted from the one-phase flow simulation overestimates the results from experiment and the two-phase flow simulation. As shown in Fig.10 , the initial uplift forces on the slab with no girders and the slab with two girders have a similar trend, and the forces become larger with increase of incident bore height. On the other hands, the initial uplift force on slab with three girders has a different trend, and the magnitude of the force is suppressed even on the larger bore height cases. This suppression is considered due to the cushioning effect by the entrapped air as discussed in Fig.7, Fig.8 and Fig.9 .
On the other hands, the sustain downward forces on each girder condition show similar trend as shown in Fig.11 , and the downward forces become larger with increase of incoming bore height. The downward force acting on the upper face of the bridge becomes dominant with increase of the water depth over the bridge in larger bore height. The girders tend to increase the water depth over the bridge, and this also increases the downward force. 
CONCLUSIONS
In this study, the numerical model of two-phase flow has been used to investigate the tsunami dynamic forces on bridge structure. The investigation was carried out on the slab bridge without girders and the slab bridge with girders. The results were compared with the results obtained from one-phase flow simulation, and validated by the comparison with experimental results.
In case of tsunami force acting on the slab bridge without girders, the results of both one-phase flow and two-phase flow simulation showed good agreement with experimental ones in terms of water surface elevations, pressures and uplift forces.
In the simulation on the slab bridge with girders, the two-phase model properly simulates the behavior of entrapped air underneath the deck. The results of uplift force obtained from two-phase model show fairly good agreement with the experimental ones in comparison with the results from one-phase model. Moreover, this study confirmed that the entrapped air has cushioning effect on impulsive uplift force and buoyancy effect on sustain uplift force. The girders existence increases the initial uplift forces and the maximum downward sustain ones.
